Therefore it is not surprising that pathways of hypoxic stress response, largely governed by hypoxia-inducible factors (HIF), are highly relevant to the proper function of immune cells. HIF expression and stabilization in immune cells can be triggered not only by hypoxia, but also by a variety of stimuli and pathological stresses associated with leukocyte activation and inflammation. In addition to its role as a sensor of oxygen scarcity, HIF is also a major regulator of immune cell metabolic function. Rapid progress is being made in elucidating the roles played by HIF in diverse aspects of both innate and adaptive immunity. Here we discuss a number of breakthroughs that have shed light on how HIF expression and activity impact the differentiation and function of diverse T cell populations. The insights gained from these findings may serve as the foundation for future therapies aimed at fine-tuning the immune response.
hypoxia-inducible factor; metabolism; immune activation; inflammation; T cells HYPOXIA-INDUCIBLE FACTOR (HIF) is expressed across a remarkable range of species (in fact, all metazoan species analyzed to date), and it controls the cell's metabolic response to low oxygen status (33) . HIF is a heterodimeric transcription factor composed of a constitutively expressed HIF-1␤ subunit [also known as the aryl hydrocarbon receptor nuclear translocator (ARNT)] and an ␣-subunit (either HIF-1␣ or HIF-2␣) that is tightly regulated at the protein level. While HIF-1 and HIF-2 are similar in their regulation, as well as the target genes they regulate in response to hypoxia, they are not identical in either respect. A third molecule, HIF-3␣, has also been described as a negative feedback mechanism for inhibiting the activity of HIF-1␣ (48) . Both HIF-1␣ and HIF-1␤ are members of the bHLH-PAS superfamily of proteins known to contain both basic-helix-loop-helix (bHLH) and PER-ARNT-SIM (PAS) domains, which are involved in DNA binding and heteromerization, respectively (26) .
Under normoxic conditions, HIF-1 expression is tightly regulated in an oxygen-dependent manner (56) . HIF-1 is rapidly downregulated at the protein level through the ubiquitinproteasome pathway (Fig. 1) . This process begins when HIF-1␣ protein is hydroxylated at prolines 402 and 564 by certain members of a family of prolyl hydroxylase domain proteins (PHD1, 2, and 3), which require oxygen for their function. These modifications permit the recruitment of the von Hippel-Lindau (VHL) tumor suppressor, ubiquitin E3 ligase complex (including elongin B/C, RBX1, and cullin2). Subsequent polyubiquitination of HIF-1␣ by the VHL complex marks the molecule for degradation by way of the 26S proteasome (48) .
In contrast, under low-oxygen conditions, inactive PHDs do not modify HIF-1␣ subunits, which do not interact with VHL, and are resultantly spared from degradation. Upon translocation to the nucleus, HIF subunit dimerization occurs. The assembled HIF complex can then interact with cofactors such as p300 to bind the promoters of HIF-target genes at defined five-nucleotide sequences termed hypoxia response elements (HREs, 5=-[A/G]CGTG-3=). Among the many genes regulated by HIF are those critical for the response to hypoxia including metabolism, angiogenesis, and apoptosis, to name a few (48, 49) .
Hypoxia is a hallmark trait of inflamed tissues (along with acidosis, hypoglycemia, and an abundance of free oxygen radicals). Inflammation-associated injury to the microvasculature can compromise regional supplies of oxygen as does ravenous consumption by invading microbes and activated leukocytes accumulating at inflammatory loci. Resultant oxygen levels can reach as low as 0.5-3% by volume (compared with ϳ11% for normoxic tissues and ϳ20% for standard in vitro culture conditions) (8, 40) . Solid tumors are also notorious for harboring niches of extreme oxygen deprivation. The rapid growth of malignant cells that outpaces the aberrant and disorganized neovascularization seen in tumors accounts for both the chronic and cycling hypoxia typical of tumor microenvironments (15) . Therefore it is not surprising that adaptation to oxygen scarcity, and particularly the action of HIF-1, is highly pertinent to the function of cells participating in the immune responses to both infectious and cancerous threats. Additionally, a number of other stimuli of considerable immune relevance can upregulate HIF-1 expression, mostly by enhancing transcription of the Hif1a gene. These factors include cytokines, Toll-like receptor ligands as well as triggers of T cell receptor (TCR) and mammalian target of rapamycin (mTOR) signaling (5, 39, 53) .
Here we will review what is known about the role played by HIF-1 across diverse T cell subsets with functions ranging from the inflammatory to the immunosuppressive. As will be discussed, these roles will involve layers of transcriptional, posttranscriptional, and protein-level regulation. Particularly we will focus on how these regulatory mechanisms influence the processes of T cell differentiation, cell survival as well as phenotypic stability and function. In reviewing the many and diverse roles played by HIF-1 in T cell biology we aim to highlight the therapeutic potential of HIF-1 targeting strategies for the correction of immune dysregulation underlying both autoimmune/inflammatory diseases and ineffectual anti-tumor immunity.
Effector CD4
ϩ T Cells
Upon activation, naïve CD4 ϩ T cells are capable of acquiring remarkably specialized effector functions in response to lineage-driving cytokines in the microenvironment. Signaling events downstream of the cytokine-cytokine receptor interaction activate the expression of "master regulator" transcription factors responsible for establishing and enforcing specific gene expression programs. These, in turn, underlie similarly unique T helper lineage-defining functions (64) .
T helper (Th) 1 cells, for instance, produce interferon-␥ (IFN-␥) under the control of the transcription factor T-bet and drive cell-mediated immunity to protect against intracellular viral, bacterial, and parasitic infection. The Th1 response is also beneficial for anti-tumor immunity. Th2 cells produce interleukin-4 (IL-4) and are critical for controlling extracellular parasites such as helminthes. In these cells, GATA3 is a critical regulator of Th2-associated gene expression. Th17 cell differentiation is driven by cytokines utilizing the STAT3 signaling pathway (e.g., IL-6) and activating the transcriptional regulator ROR␥t. These cells are responsible for expelling extracellular bacteria and fungi through secretion of IL-17a, IL-17f, and IL-22. However, Th17 cells, with their considerable inflammatory potential, are perhaps better known for their contribution to autoimmune disease and immune pathology (64) .
Naïve T cells can also acquire the ability to suppress the activation of other immune cells including the aforementioned effector subsets. By upregulating the transcription factor Foxp3 in response to signaling triggered by the cytokines transforming growth factor-␤ (TGF-␤) and IL-2 in conjunction with moderate TCR activation, naïve T cells can differentiate into induced (i)Tregs or peripheral (p)Tregs (27) .
Interestingly, the notoriously proinflammatory Th17 lineage and these immune-suppressing iTregs, while functionally opposite, share common elements in their differentiation pathways. Specifically, the cytokine TGF-␤, for instance, is required for both Th17 and iTreg generation (32) . High concentrations of TGF-␤ (among other factors) can sustain Foxp3 expression and commitment to an iTreg fate. The presence of STAT3-activating cytokines (such as IL-6, IL-21, and IL-23), in contrast, promotes the upregulation of the Th17-promoting transcription factor ROR␥t and the characteristic cytokine IL-17 (4, 32) . Illustrating the interwoven developmental pathways of Th17 and iTreg cells, Foxp3 expression has been noted in the early stages of both subsets. Since Foxp3 is known to actively suppress ROR␥t-driven expression of Th17-associated genes (63) , timely downregulation of Foxp3 activity from cells poised at the crossroads of these divergent lineages is likely necessary for optimal commitment to the Th17 fate.
STAT3-dependent signaling has been reported to stabilize HIF-1 expression in non-T cells (29, 62) . We therefore suspected such a pathway might be operative in developing Th17 cells, influencing the relative balance between Th17 and Treg generating processes. In our studies, we found that during Th17 differentiation, HIF-1 is indeed induced in naïve CD4 ϩ T cells, even in the presence of oxygen in a STAT3-dependent manner. Suggesting that HIF-1 is important for Th17 differentiation, HIF-1␣-deficient naïve CD4 ϩ T cells (from CD4cre
flox/flox mice) display stunted upregulation of Th17 genes, including those encoding ROR␥t and IL-17, compared with wild-type cells. Further investigation would reveal that HIF-1 promotes expression of several Th17-linked genes through the activation of ROR␥t expression and function. Furthermore, we found that subjecting differentiating CD4 ϩ T cells to periodic hypoxia (which boosts HIF-1 levels) also enhances Th17 commitment (12) .
Interestingly, in the absence of HIF-1, T cells show reciprocal upregulation of Foxp3 protein but not its transcript (12) , suggesting a HIF-1-dependent mechanism for the rapid downregulation of Foxp3 protein at the crossroads of Th17 and iTreg differentiation. Reflecting an impaired commitment to the Th17 fate in favor of an iTreg one, T cell-specific HIF-1-deficient mice were protected from the more severe disease seen in wild-type mice in the experimental autoimmune encephalomyelitis model of multiple sclerosis. The influence of HIF-1 on the reciprocal differentiation of Th17 and iTregs was independently observed by Shi et al. (51) . In their study, HIF-1's part in shaping the nature of the T cell response was tied to the molecule's role as a regulation of glycolytic metabolism (51) .
In addition to cytokines, metabolic factors and processes can impact T cell differentiation. These metabolic factors can indeed mean the difference between T cell activation or T cell anergy and immune tolerance (41, 60) . Furthermore, a considerable body of literature identifies specific metabolic sensors, enzymes, and byproducts as particular regulators of the balance between Th17 and iTreg lineages (1) .
Naïve T cells are quiescent and have relatively modest biosynthetic and energetic demands that are met by glucose oxidation in the tricarboxylic acid or TCA cycle and through the oxidation of lipids. These processes maintain cellular homeostasis (41) . T cell activation, however, drastically increases the metabolic demands on T cells. An increase in cell size and proliferation rate coupled with the need for energy to fuel the synthesis of macromolecules, intracellular mediators, and effector gene products (i.e., cytokines) all require a metabolic reprogramming of T cells upon activation (59, 60) .
To meet the demands of their activated lifestyle, T cells downregulate the pathways characteristic of resting cells in favor of aerobic glycolysis and glutamine catabolism. This is triggered by the signaling cascades downstream of the T cell receptor (TCR), costimulatory molecules and cytokines, which involve MAPK/ERK, PI3kinase (PI3K)/Akt, mTOR, and NF-B pathways (59) . These events result in the induction of the transcription factor Myc as well as HIF-1␣. These induce a number of genes important for glycolysis and glutaminolysis. To differentiate from uncommitted naïve CD4 ϩ precursors into specialized effectors (Th1, Th2, Th17, etc.), proper upregulation of glucose metabolism is an absolute requisite. An inability to do so inhibits T effector cell differentiation both in vitro and in vivo (19) . Glycolytic inadequacies or forced utilization of fatty acid metabolism instead results in either T cell anergy or the shunting of potential effector T cells to the iTreg lineage (14, 38) .
In T cells, as in cells of the tumor, HIF-1 drives expression of a number of genes necessary for the shift to a glycolysisdominated metabolism (50, 55) . Reflecting this, in the study by Shi et al. (51), disrupting HIF-1 in T cells results in stunted expression of several glycolysis genes including those encoding Glut1, a glucose transporter; hexokinase 2; glucose-6-phosphate isomerase; enolase 1; pyruvate kinase muscle; and lactate dehydrogenase alongside the Th17-associated factors IL-23R, IL-21, IL-22, and IL-17. Supporting an important role for HIF-1 in the metabolic reprogramming necessary for Th17 differentiation, blocking glycolysis with the inhibitory glucose analog 2-deoxyglucose (2-DG) recapitulated the results of genetic HIF-1 ablation in CD4 ϩ T cells, as did the mTOR inhibiting rapamycin. These results suggest that HIF-1 is an important player, along with mTOR and PI3K/Akt, in a metabolic reprogramming pathway shaping the nature of the T cell response (51) .
Another study by Gomez-Rodriguez and colleagues (21) more recently expounded on the role of HIF-1 and mTOR in setting the balance between Th17 and iTreg balance. This study concluded that the Tec family kinase known as IL-2-inducible T cell kinase (Itk), an important participant in TCR signaling cascades, drives Th17 differentiation from naïve precursors while suppressing reciprocal iTreg commitment. Naïve CD4 ϩ T cells from Itk-deficient mice cultured under Th17-skewing conditions show reduced upregulation of IL-17, and instead they induce Foxp3 expression. Additionally, Foxp3 levels were also elevated in Itk knockout T cells under iTregskewing conditions (21) . Having previously shown Itk to promote Th17 differentiation (20) , these authors further characterized this altered balance between pro-and anti-inflammatory T cell subsets. They found that in the absence of Itk, differentiating naïve T cells display defective mTOR/Akt activation. Importantly, expression of metabolic factors downstream of mTOR, including HIF-1␣ and the glucose transporter Glut1, was lacking without Itk (21), further linking HIF-1 expression to a metabolic profile conducive to Th17 generation.
These results suggest that elevated HIF-1 levels, stabilized by either cytokine or TCR signaling or hypoxic conditions, should promote a strong and enduring Th17 response. A couple of reports, while supporting the role of HIF-1 as driver of Th17 commitment, indicate that the relationship between Th17 programming and hypoxia is considerably more nuanced.
A study by Ikejiri et al. (25) suggested that the duration of hypoxic stress can have significant consequences for the enhancement of Th17 differentiation by HIF-1. These authors found that Th17 skewing could indeed be boosted by shortterm, HIF-1-inducing, hypoxic culture. Importantly, however, optimal Th17 commitment was seen only when cells were primed with a brief period of hypoxia followed by reoxygenation. This boost in Th17 skewing, which was not observed for other Th cell lineages, was found to be HIF-1-dependent as it was not seen in T cells lacking HIF-1 expression (25) .
More recently, Wang et al. (57) confirmed that not only does short-term hypoxic priming enhance IL-17 upregulation by naïve CD4ϩ T cells, they also showed that such treatment actually results in more robust HIF-1 levels than prolonged hypoxic culture. Correspondingly, in their study, the upregulation of IL-17 under prolonged hypoxia was less robust than after transient hypoxia/reoxygenation. These observations were explained by the discovery of a hypoxia/HIF-1-dependent upregulation of a microRNA (miR210) capable of targeting HIF-1's own transcript (57). Short-term hypoxic priming apparently avoids this built-in mechanism for negative feedback control. In this study, knocking out miR210 resulted in even higher levels of HIF-1 and HIF-1-dependent Th17 differentiation following hypoxic priming compared with that seen in wild-type T cells (57) .
In addition to this role as a primer of the Th17 response, HIF-1 has also been implicated as a factor sustaining inflammatory Th17 cells and their function. Kryczek et al. (30) found that long-lived and highly plastic human Th17 cells can be recovered from numerous types of diseased tissues. In their study they found that Th17 cells express heightened levels of HIF-1 message compared with other T cell subsets, in agreement with the aforementioned mouse studies (12, 51) . Suspecting that the ability of Th17 cells to survive in various inflamed tissues was mediated by HIF-1, the authors tested the effects of HIF-1 inhibition (echinomycin treatment) on the in vivo persistence of these cells. Supporting a role for HIF-1 in promoting the longevity of Th17 cells, inhibiting the molecule promoted the in vivo apoptosis of Th17 cells, an effect attributed to HIF-1's control of Notch signaling and antiapoptotic gene expression (30) .
These findings not only paint HIF-1 as a promoter of the Th17 lineage, but they also strongly suggest that the regulation of this molecule and its contribution to CD4 ϩ T cell differentiation are tightly regulated and potentially dynamic.
Regulatory T Cells
The activation, proliferation, and functions of effector T cell subsets are subject to attenuation by the suppressive mechanisms of regulatory T cells (Tregs). These cells moderate the intensity of immune responses, thereby preventing collateral tissue damage, and they also prevent autoimmunity by inhibiting self-antigen directed responses (2, 47, 64) . For some time, Tregs have been divided into two subpopulations. Peripheral regulatory T cells (pTregs) arise in extrathymic tissue niches from naive T cells under the control of TGF-␤ and are propagated by IL-2 (9, 27). Thymic derived (t)Tregs, on the other hand, emerge from their namesake tissue of origin genetically and epigenetically programmed for a suppressive phenotype. Both subsets play important, but perhaps nonoverlapping roles in maintaining immune homeostasis (28) . They also share a heavy reliance on the transcription factor Foxp3 for their characteristic Treg-gene expression profile typified by repression of effector genes and upregulation of those needed for immune suppression (27, 47) .
While HIF-1 drives commitment of naïve CD4 ϩ T cells to a Th17 fate, it does so apparently at the expense of reciprocal induction of Foxp3 ϩ Tregs. We and others have found that T cells lacking HIF-1 preferentially upregulate Foxp3 protein under Th17-inducing conditions, in vitro (12, 51) . Interestingly, in our study, this effect of disrupting HIF-1 function occurred at the protein level as the Foxp3 message was not markedly altered between wild-type and HIF-1-deficient CD4 ϩ T cells (12) .
We would go on to demonstrate that HIF-1 and Foxp3 physically interact, and that step-wise increases in ectopic HIF-1 expression levels cause a dose-dependent loss of Foxp3 protein in cell lines. Importantly, Foxp3 protein was observed to be both ubiquitinated and reduced in developing iTregs exposed to hypoxic culture conditions. This downregulation could be prevented by inhibiting the proteasome (MG132 treatment), suggesting that, like HIF-1 itself, Foxp3 is subject to posttranslational regulation via the ubiquitin-proteasome pathway. Supporting this notion, cells expressing mutant HIF-1 molecules rendered insensitive to oxygen-dependent modification and degradation failed to display Foxp3 downregulation in our experiments. Also, knocking down components of the HIF-1 degradation machinery also stabilized Foxp3 levels. These findings suggest that HIF-1 mediates the degradation of Foxp3 through the same pathway responsible for its own oxygen-dependent regulation ( Fig. 1) (12) . Whether or not HIF-1 and Foxp3 can be co-degraded in complex together remains to be elucidated, as do the precise molecular events involved in this process.
Interestingly, others have reported that hypoxia and HIF-1 can positively contribute to Foxp3 expression (3, 11) primarily by enhancing transcription of the Foxp3 gene under certain conditions. This activation of Foxp3 transcription has been shown to have consequences for established Treg function under inflammatory conditions (11) . These different roles for HIF-1 suggest that it is possible that transcriptional and protein-level pathways controlling Foxp3 expression may be poised in opposition. What's more, uncharacterized factors may determine the winner of such a "tug-of-war." While HIF-1-deficient T cells, in our hands, upregulate Foxp3 message on pace with their wild-type counterparts during in vitro T cell differentiation (12), under different conditions (i.e., in vivo inflammation, extreme hypoxia, etc.), HIF-1-driven transcription at Treg-critical loci such as Ctla4 and Foxp3 (11) may be necessary for optimal Treg functional stability. In support of this notion, HIF-1-deficient Tregs were found to be less effective than their wild-type counterparts at suppressing adoptive transfer-induced colitis (11, 24) . In contrast, however, Itk-deficient iTregs, which have reduced HIF-1␣ levels, appear more functional in vitro and in vivo than their wild-type counterparts. How much of this improved performance occurs because of, or in spite of, low HIF-1 levels is unclear as Itk Ϫ / Ϫ Tregs are also hypersensitive to IL-2 signaling (21).
These results suggest that HIF-1 blockade may favor the generation of new Foxp3-expressing CD4 ϩ T cells at the expense of potentially inflammatory Th17, but it may hinder the function or phenotypic stability of established Tregs in some situations. Adding to the complex picture of HIF-1's role in Tregs, a pair of recent studies explored the consequences of an overly robust HIF-1 pool.
Hsiao et al. (24) recently found that mice with Treg-restricted deletion of Deltex (DTX1)-a promoter of HIF-1 protein turnover-predictably display high levels of HIF-1 expression. These elevated HIF-1 levels did not remarkably change the baseline Foxp3 levels, expression of Treg-associated molecules and coregulatory factors, or the in vitro suppressive function of Tregs in this study. DTX1-deficient Tregs, however, were shown to be less effective suppressors than their wild-type counterparts in vivo (using models of airway inflammation and colitis). This was linked to unstable expression of Foxp3 which was observed in parallel with bolstered HIF-1 levels in the absence of DTX1. In this study, DTX expression could prevent a hypoxia-induced reduction of the Foxp3 protein pool in T cells. Importantly, the authors showed that simultaneous HIF-1 and DTX1 deficiencies in Tregs restored their in vivo Foxp3 expression level, which largely rescued the ability of DTX1-deficient Tregs to function in vivo (24) .
In another recent study, Lee et al. (31) also shed light on the consequences of excessive HIF-1 stabilization in Tregs. This study involved conditional, Foxp3-driven knockout of VHL. As this E3 ligase complex mediates the degradation of HIF, it was not surprising that Foxp3 ϩ cells from these mice display elevated levels of HIF-1 compared with wild-type Tregs. Notably, however, the authors found that stabilized HIF expression in the absence of VHL undermined the suppressive phenotype of Tregs as evidenced by both the spontaneous inflammation and early mortality seen in Foxp3Cre ϩ /VHL fl/fl mice. Furthermore, these mice showed signs of high baseline levels of T cell activation, and Tregs isolated from these mice had reduced Foxp3 expression, with tissues most expected to be hypoxic witnessing the most pronounced downregulation (31) . In line with an inability to maintain immune homeostasis, VHL-deficient Tregs also do not control disease in the adoptive transfer colitis model (31) .
The authors attributed the phenotypic instability of VHLdeficient Tregs to their heightened HIF-1 levels, which were linked to the acquisition of an abhorrent, Th1 effector-like phenotype. Additionally, high HIF-1 expression in the absence of VHL was observed to promote a metabolic lifestyle incompatible with that typically seen in Tregs, which the authors credit with enhancing the breakdown of Treg phenotype (31) .
These studies of Hsiao et al. (24) and Lee et al. (31) suggest that very high levels HIF-1 expression or activity can negatively impact Treg phenotype. Taken with the observation that established Tregs can be less effective in vivo without HIF-1, one comes away with the notion that to some degree, HIF-1 can stabilize Tregs, but "too much a good thing" can have the opposite effect. These findings have substantial implications for the study of Treg behavior in diverse microenvironments, and they suggest that the relationship between HIF-1 levels and Treg stability may be complex.
Recently, Mascanfroni et al. (36) demonstrated a complex role for HIF-1 in the programming of a distinct regulatory T cell subset, the Tr1 cells. These cells, which do not express Foxp3, are characterized by their ready production of the anti-inflammatory cytokine IL-10. Like their Foxp3 ϩ counterparts, Tr1 are important in the maintenance of immune homeostasis and are capable of limiting inflammatory damage in a number of disease models including those for neuroinflammation and inflammatory bowel disease (43, 45, 46) .
In this study, hypoxia inhibited Tr1 generation. Specifically, HIF-1 upregulation, brought about by extracellular ATP buildup (a hallmark of hypoxia), negatively impacted the differentiation of Tr1 cells. This antagonism of Tr1 generation by high HIF-1 levels was found to stem from the negative effects of HIF-1 on both the protein pool and activity of a key player in the Tr1 differentiation program, the aryl hydrocarbon receptor (AHR). This was linked to the competition between HIF-1␣ and AHR for their common binding partner HIF-1␤/ ARNT. The latter of these requires ARNT to activate expression of key Tr1-associated genes like Il10, Il21, and Entpd1 (36) . Interestingly, HIF-1 was also found to play a positive role in the early differentiation of Tr1 by promoting an aerobic glycolysis-dominated metabolic profile necessary for the Tr1 phenotype. These findings suggest that HIF-1 plays a duplicitous role in the biology of this unique Treg subset.
Taken together, these studies present a complicated picture of HIF-1's role in the biology of Tregs. A number of variables may determine the ultimate part played. For instance, the mechanisms governing the generation of Tregs may be distinct from those needed to maintain the Treg phenotype "under fire." Also, in light of HIF-1's augmentation of Th17 differentiation being apparently highly sensitive to the timing and duration of hypoxia (25, 57) , it is tempting to speculate that its impact on Tregs is similarly dependent on the duration or degree of HIF-1 stabilization. Studies of mice with stabilized HIF-1 levels seem aligned with this notion. Future work will certainly shed light on this topic.
CD8 ϩ T Cells
Hypoxia and HIF-1 also play important, and somewhat complex, roles in the CD8 ϩ T cell compartment. Hypoxia has been reported to alter specific aspects of CD8 ϩ T cell biology. While Fas ligand-and perforin-mediated killing by CD8 ϩ cytotoxic T lymphocytes (CTL) is not altered by low oxygen concentrations, at physiologically relevant hypoxic conditions (2.5%), the frequency of CD8
ϩ T cells appears adversely affected. Intriguingly, while fewer in number, these CD8 ϩ T cells exposed to hypoxia display heightened cytolytic potential. These findings suggest that while hypoxia does not interfere with the killing function in CD8 ϩ T cells, it does promote the differentiation of a highly potent subset of CTL (7). Involvement of HIF-1 in CD8 ϩ T cell differentiation has also been reported by several groups.
Just as appears to be the case with activated CD4 ϩ T cells, the involvement of HIF-1 in the differentiation and function of CD8 ϩ T cell populations involves the molecule's part in shifting the gears of cellular metabolism in addition to its control over the hypoxic response.
Resting CD8
ϩ T cells, like their CD4 ϩ counterparts, are fueled by fatty acid oxidation while quiescent. However, following activation, these cells adopt a glycolysis-dominated metabolism needed to support their proliferation and differentiation into effector and memory subsets (18, 19, 44, 54) . The triggering of TCR signaling and costimulation through CD28 induces expression of Myc and expression of Myc-dependent genes that are critical for the initial activation and expansion of T cells. Another wave of TCR-triggered genes including AP4, IRF4, and HIF-1 is thought to continue the cellular commitment to glycolysis by facilitating the upregulation of enzymes involved in glycolysis and glutaminolysis (10) . Effector CD8 ϩ T cells are characteristically short-lived and their numbers contract with the waning of the immune response. Memory CD8 ϩ T cells, on the other hand, persist (61) and can respond to antigenic re-challenge with rapid kinetics (37) . Among the effector and memory CD8 ϩ T cell subsets are those with defining killing capacity, the CTLs.
CTLs are crucial mediators of cell-mediated immunity. Activation of these cells can trigger the killing of infected or altered (malignant) host cells mediated by the production and release of perforin and granzymes. CTLs are also capable of driving proinflammatory immune responses by producing cytokines including TNF-␣ and IFN-␥ (23).
Finlay et al. (17) identified HIF-1 as a major facilitator of the metabolic shift in newly activated CD8 ϩ T cells (17) . These authors found that, upon encountering their cognate antigen in the presence of IL-2, CD8 ϩ T cells show enhanced mTOR complex 1 (mTORC1) activity, which leads to robust levels of HIF-1␣ and -␤ subunits, and isolated CTLs also showed high expression of HIF-1 as well. Upregulation of HIF-1 by mTORC1 in these activated CD8 ϩ T cells was found to promote glucose uptake and glycolysis through the upregulation of numerous glycolytic enzymes and the glucose transporter Glut1. Assessment of the gene expression changes associated with HIF-1 deficiency (achieved by deletion of the HIF-1␤ subunit) confirmed the importance of this molecule as a glycolysis-promoting factor. They also revealed a downregulation of certain granzymes and perforin-important mediators of CTL function-in the absence of HIF-1 (17) . Importantly, these authors also found that HIF-1-inducing hypoxic culture conditions could enhance the expression of metabolic and effector molecules (perforin and Glut1) in CTLs (17), clearly linking HIF-1 to the metabolic lifestyle of activated, effector CD8 ϩ T cells. These results are in accord with earlier findings reported by Caldwell et al. (7), which found that hypoxia favors the development of highly cytotoxic CD8 ϩ T cells. In another study, IRF4, a transcription factor important for sustaining the activation and function of effector CD8 ϩ T cells, was found to support commitment to the glycolytic lifestyle. IRF4 was found to bind a number of genes important for CD8 ϩ T cell differentiation and function as well as those encoding metabolic regulators including HIF-1␣. Furthermore, IRF4
Ϫ/Ϫ -derived CD8 ϩ T cells expressed lower levels of HIF-1␣ and a number of glycolysis participants. Correspondingly, these T cells display reduced rates of glycolysis compared with their wild-type counterparts, and they also fail to maintain clonal expansion after activation (35) . These results are in line with the notion that HIF-1 is important for meeting the metabolic needs of effector CD8 ϩ T cells.
Antigen-mediated activation of CTLs precipitates their cytotoxic and proinflammatory potential. Persistent antigen exposure, much like one would expect in the case of chronic infection or cancer, on the other hand, has been shown to dampen the intensity of CTL responses (61) . Using a model for chronic viral infection, lymphocytic choriomeningitis virus (LCMV), Doedens et al. (16) investigated the importance of hypoxia inducible factors in such a scenario.
In this study, ablation of the VHL complex, which mediates the degradation of HIFs in the presence of oxygen, enhanced levels of HIF-1 and HIF-2 in activated CD8 ϩ T cells. Interestingly, peripheral T cell-restricted VHL deficiency (accomplished by crossing mice carrying a floxed VHL gene to a Lck promoter-driven Cre transgenic mouse) also resulted in high mortality rates in mice upon persistent viral challenge (16) .
The authors of this study would go on to show that this enhanced mortality stemmed from immunopathologies resulting from a highly inflammatory, exhaustion-resistant CD8 ϩ T cell phenotype that arose in the midst of HIF overabundance. These T cells lacked KLRG1, a marker of cells likely to terminally differentiate into short-lived effector CTLs. Furthermore, analysis of the genes expressed by CD8 ϩ T cells in both the presence and absence of VHL revealed that VHL deficiency and reciprocally high levels of HIF-1 activity results in a bolstered, sustained effector phenotype marked by elevated expression of genes related to glycolysis, CTL effector function, and T cell activation. Meanwhile, transcription factors responsible for CD8 ϩ differentiation (i.e., Tcf7, Eomes, T-bet) were downregulated in the presence of elevated HIF-1 levels. Furthermore, in this study, stabilization of HIF-1 levels by hypoxia could recapitulate the effects of VHL knockout. Specifically, hypoxic culture resulted in a HIF-1-dependent enhancement of granzyme B, activationinduced surface markers (i.e., LAG3, CTLA-4) while transcription factors involved in T cell differentiation (i.e., T-bet and TCF-1) were downregulated by hypoxia as they were in T cells lacking VHL (16) .
HIF-1 also plays a role in memory CD8 ϩ T cells, which persist beyond the immune response's contraction phase, outlasting their terminally differentiated effector counterparts. Like naïve T cells, these cells are quiescent. However, they can traffic to diverse tissues and respond to antigenic re-challenge with accelerated kinetics comparable to cells of the innate immune system. This functional shift is accompanied by an "immediate early" metabolic transition towards a reliance on aerobic glycolysis.
Gubser et al. (22) found that effector memory (EM) CD8 ϩ T cell subsets activated by CD3 and CD28 cross-linking antibodies dramatically upregulate glycolytic metabolism, to an extent greater than their naïve T cell counterparts. This surge requires costimulation as well as an adequate glucose supply. The authors of this study would go on to demonstrate a dependence on PI3K/Akt (and mTORC2, but not mTORC1) signaling for this metabolic shift. This rapid response was linked to a remodeling of chromatin at the IFNG promoter favoring activation of gene expression. Inhibition of glycolysis by 2-DG treatment interfered with these epigenetic events and reduced expression of the cytokine (22) . While it was not clear from this study whether HIF-1 plays an indispensable role in the implementation or maintenance of this metabolic shift, the importance of the molecule for this form of metabolism cer-tainly suggests that HIF-1 contributes the awakening of memory CD8 ϩ T cell subsets. These results suggest that stabilized HIF-1 expression, resulting either from hypoxia or other means, should optimize the killing and potential of the CD8 ϩ T cell compartment. Interestingly, however, Sukumar et al. (52) found that while chemical inhibition of glycolysis (and HIF-1 expression) led to reduced commitment to a short-lived effector CD8 ϩ T cell fate, these conditions led instead to an enhanced, memory-like population (identifiable as KLRG1 low /CD62L high ). In addition, artificially enforcing glycolytic metabolism in CD8 ϩ T cells could restrict the generation of memory cells in this study (52) . These results are consistent with those reported by Pollizzi et al. (42) , which showed that commitment to a highly glycolysisdriven metabolic program favored short-lived effector memory cells while negatively affecting memory populations. Interestingly, these memory CD8 ϩ accumulating upon glycolysis-blockade and HIF-1 downregulation were actually more effective at combating tumor growth than control cells more inclined to become effectors (52) . These results suggest that while HIF-1 may be key for establishing a glycolysis-driven metabolism upon CD8 ϩ ϩ T cell activation, it is likely that the process and the molecule play an unexpectedly negative role in the formation of highly function memory CD8ϩ T cell populations.
In line with these findings, our own unpublished results suggest that knocking out HIF-1 in T cells has a considerable effect on both the memory phenotype and inflammatory potential of CD8 ϩ T cells. We found that implanted B16 melanomas grow much less aggressively in mice lacking HIF-1 in the T cell compartment with evidence of an improved antitumor immune response compared with wild-type controls despite an apparently competent Foxp3ϩTreg population. Interestingly, CD8
ϩ T cells from these conditional knockout mice display surface and transcriptional characteristics of memory CD8
ϩ T cells and have enhanced capacities for killing and IFN-␥ production (our unpublished results). These findings are consistent with the notion that HIF-1 suppresses the acquisition of a highly cytotoxic and proinflammatory CD8
ϩ T cell population.
Also supporting this notion, treatment of tumor-bearing mice with HIF-1 inhibitors slows tumor progression and recapitulates the effects of genetic HIF-1 ablation. Suspecting that HIF-1 inhibition could have the counterproductive outcome of elevating Foxp3
ϩ Treg frequencies (at the expense of the Th17 cell pool), coupling HIF-1 inhibition with periodic Treg depletion leads to an even more dramatic anti-tumor effect (our unpublished results). Taken together, these findings point to distinct roles for HIF-1 in different CD8 ϩ T cell subsets. (2) is likely to either prevent this counterproductive potentiality or enhance anti-tumor immunity further.
Summary and Discussion
In this review we have highlighted the distinct roles played by HIF-1 across diverse T cell subsets. It is clear that during CD4 ϩ T cell differentiation, HIF-1 can be an important driver of potentially inflammatory, IL-17-producing effector cells. Since HIF-1 deficiency favors a reciprocal commitment to Foxp3 upregulation in differentiating naïve T cells, the metabolic sensor is likely among the factors determining the balance between the distinct Treg and Th17 cell lineages. This appears to be the result of HIF-1's activation of pro-Th17 transcriptional program, its protein-level antagonism of Foxp3, and/or its critical role promoting a glycolytic life style in T cells. In regulatory T cell populations, HIF-1's role appears decidedly more complex with both beneficial and negative effects attributed to its stabilization and activation. These disparate outcomes of HIF-1 activity in Tregs may well depend on a number of factors including the level, duration, and timing of HIF-1 expression. Additionally, in CD8 ϩ T cells, HIF-1 seems to have very subset-specific roles-facilitating a glycolysis-dominated metabolism necessary for effector cell function-while also negatively affecting the generation of a surprisingly inflammatory and tumoricidal memory CD8 T cell subset.
These findings have considerable implications for the study of T cell behavior in a number of microenvironments and under a variety of conditions both homeostatic and pathological. Importantly, they also are relevant to the development of novel immunotherapies.
Since inflammatory and autoimmune diseases are often associated with relative deficiencies in either Treg presence or function (13, 34) and sometimes a reciprocal abundance of proinflammatory T cell subsets (such as the Th17 cells), there is much interest in finding ways to therapeutically correct such imbalances. Targeting HIF-1 may prove an effective means to this end given the reduction in Th17 cell differentiation and the increase in potentially suppressive Foxp3-expressing cell frequency seen upon HIF-1 knockout. These encouraging results must nevertheless be weighed with possible trade-offs in Treg stability or function that might occur in the accumulating Treg population.
In the cancer setting, chemically targeting HIF-1 appears to be a highly viable strategy with multiple potential benefits arising from the suppression of several tumor-promoting processes. An additional result of HIF-1 inhibition during cancer may be the suppressed production of IL-17, a cytokine that contributes to tumor progression (58) . Undermining the Th17 differentiation pathway along with multiple pro-tumor processes by chemically targeting general HIF-1 function is a tempting therapeutic strategy. However, studies using mice with HIF-1-deficient T cells sound a note of caution when considering HIF-1 inhibition as monotherapy cancer treatment.
While HIF-1 inhibitors can interfere with the tumor-promoting processes of angiogenesis and cancer cell metabolism while negating the pro-tumor effects of IL-17. They may, as suggested by the previous work of our group and others, also elevate the frequency of immune suppressive Treg cells. In cancer, these cells tend to be enriched, either locally in developing tumors or systemically at advanced stages, and the immune-suppressing nature of these cells hampers the antitumor response permitting tumor growth (6). Sabotaging Tregs or blocking their function has been explored as an immunotherapeutic measure to enhance the anti-tumor immune response and increase the effectiveness of anti-cancer therapies including tumor vaccines. Therefore the antitumor efficacy of HIF-1 inhibition should be evaluated in combination with additional agents aimed at counteracting potential suppressor cell accumulation such as the drugs used to deplete Treg cells. Such a combinational approach should, in theory, simultaneously neutralize two tumorpromoting T cell populations (Fig. 2) .
Another possible benefit of targeting HIF-1 during cancer presents itself in the finding that HIF-1-and glycolytic-deficiencies are associated with the rise of a CD8 ϩ T cell population capable of directing a much more efficient anti-tumor immune response (Fig. 2) . In all, these many roles for HIF-1 in the heterogeneous biology of T cells make this molecule an intriguing candidate for immunotherapies aimed at fighting immune dysregulation in very different pathological settings.
